Purpose: To evaluate the effect of imaging sequence (spin-echo echo-planar imaging [EPI] and gradient-echo [GRE]) and postprocessing method (two-dimensional [2D] and 3D inversion algorithms) on liver MR elastography (MRE) and to validate the diagnostic performance of EPI-MRE 3D versus conventional GRE-MRE 2D for liver fibrosis staging. Materials and Methods: Three MRE methods (EPI-MRE 3D , EPI-MRE 2D , and GRE-MRE 2D ) were performed on soft and mildly stiff phantoms and 58 patients with chronic liver disease using a 3 Tesla clinical MRI scanner, and stiffness values were compared among the three methods. A validation study comprised 73 patients with histological liver fibrosis (F0-4, METAVIR system). Areas under the receiver operating characteristic curves (AUCs) and accuracies for diagnosing significant fibrosis (F3-4) and cirrhosis (F4) were compared between EPI-MRE 3D and GRE-MRE 2D . Results: Stiffness values of the soft and mildly stiff phantoms were 2.4 kPa and 4.0 kPa by EPI-MRE 3D ; 2.6 kPa and 4.2 kPa by EPI-MRE 2D ; and 2.7 kPa and 4.2 kPa by GRE-MRE 2D . In patients, EPI-MRE 3D provided significantly lower stiffness values than other methods (P < 0.001). However, there was no significant difference between GRE-MRE 2D and EPI-MRE 2D (P 5 0.12). The AUCs and accuracies of EPI-MRE 3D and GRE-MRE 2D were statistically equivalent in the diagnoses of significant fibrosis (F3-4) and cirrhosis (F4) (all P < 0.005). Conclusion: EPI-MRE 3D showed modestly lower liver stiffness values than conventional GRE-MRE 2D . The diagnostic performances of EPI-MRE 3D and GRE-MRE 2D were equivalent for liver fibrosis staging. Level of Evidence: 3 J. MAGN. RESON. IMAGING 2017;45:1163-1170 T he assessment of liver fibrosis is critical for the clinical management of patients with chronic liver disease. 1, 2 Although histological liver fibrosis assessment by liver biopsy has been widely used and is the reference standard in clinical practice, liver biopsy has limitations, including sampling errors, sampling variability, and problems with the reproducibility of liver fibrosis staging. 3, 4 To address these issues, In MRE, by applying a dynamic harmonic mechanical excitation to the body, the steady-state mechanical response of tissues can be measured using phase-contrast MRI techniques. MRE can be performed using various types of MRI sequences for signal acquisition including gradient-echo (GRE), 25 29, 37 However, most previous validation studies of liver fibrosis staging with MRE were performed using a GRE sequence and 2D postprocessing. [15] [16] [17] [18] It is important to examine and recognize the differences in results obtained from different MRE sequences and postprocessing methods. Thus, the purpose of this study was to evaluate the effect of imaging sequence and postprocessing method on liver stiffness measurements. We also aimed to validate liver stiffness measured by SE-EPI-MRE and 3D postprocessing by comparing it with conventional GRE-MRE with 2D postprocessing and histopathological fibrosis staging.
1,2
Although histological liver fibrosis assessment by liver biopsy has been widely used and is the reference standard in clinical practice, liver biopsy has limitations, including sampling errors, sampling variability, and problems with the reproducibility of liver fibrosis staging. 3, 4 To address these issues, imaging-based methods have been developed for the estimation of liver fibrosis. Some techniques have used T1, T2, and contrast enhancement information to help stage liver fibrosis. [5] [6] [7] Other techniques have used liver stiffness measurement methods, collectively called elastography, for the noninvasive assessment of liver fibrosis. Several elastography methods have been developed and validated, including ultrasonography-based transient elastography 8 and MR elastography (MRE). 9, 10 Recent studies have revealed that MRE has a very high repeatability [11] [12] [13] and validity [14] [15] [16] [17] [18] for evaluating liver fibrosis, 10 and when used for the assessment of viral hepatitis [19] [20] [21] [22] and other diffuse liver diseases. 23, 24 In MRE, by applying a dynamic harmonic mechanical excitation to the body, the steady-state mechanical response of tissues can be measured using phase-contrast MRI techniques. MRE can be performed using various types of MRI sequences for signal acquisition including gradient-echo (GRE), 25 spin-echo (SE), 26 spin-echo echo-planar imaging Of these sequences, the SE-EPI sequence has the fastest acquisition time. 27 Many preliminary validation studies of MRE for liver fibrosis staging were performed using a GRE MRE sequence (GRE-MRE), 17, 18 while more recent studies have used an SE-EPI sequence (SE-EPI-MRE) for faster, broader, or more efficient sampling of hepatic tissue than conventional GRE-MRE. 10, 29, 31, 32 Stiffness values measured by MRE at a particular frequency of tissue vibration should be identical, regardless of the sequence used. 32 Acquired MRE data are commonly processed by means of a direct inversion algorithm to estimate the shear modulus in tissue, 33, 34 which can be performed with either a two-dimensional (2D) or 3D technique. 3D processing methods have been reported to be more precise than 2D methods, because they better accommodate complex propagating waves in complex organs. 35 It is also important to note that 2D methods can be performed accurately under the assumption that the shear waves in the tissue are propagating within each imaged slice and not obliquely to them. 36 Because 3D analysis can require many slices of data for processing, which could result in long acquisition times, SE-EPI for 3D MRE may be the most practical technique for many applications. 29, 37 However, most previous validation studies of liver fibrosis staging with MRE were performed using a GRE sequence and 2D postprocessing. [15] [16] [17] [18] It is important to examine and recognize the differences in results obtained from different MRE sequences and postprocessing methods. Thus, the purpose of this study was to evaluate the effect of imaging sequence and postprocessing method on liver stiffness measurements. We also aimed to validate liver stiffness measured by SE-EPI-MRE and 3D postprocessing by comparing it with conventional GRE-MRE with 2D postprocessing and histopathological fibrosis staging.
Materials and Methods
The protocols for this retrospective study were approved by our institutional review board, and the requirement for informed consent for the use of imaging and clinical data was waived.
Phantom and Preliminary Clinical Studies
First, to evaluate the effects of imaging sequences and reconstruction algorithms on measured stiffness values, a phantom study was carried out using three different protocols: (a) conventional GRE-MRE with a one-slice acquisition and 2D postprocessing (GRE-MRE 2D ), and SE-EPI-MRE with a seven-slice acquisition and (b) 2D postprocessing (EPI-MRE 2D ) and (c) 3D postprocessing (EPI-MRE 3D ). Cylindrical polyacrylamide gel based soft and mildly stiff tissue mimicking phantoms were created by the polymerization of acrylamide (6.2% for the soft phantom and 7.7% for the mildly stiff phantom) carried out in water (93.5% for the soft phantom and 92.0% for the mildly stiff phantom) at room temperature using bisacrylamide as the cross-linker (0.1%), and ammonium persulfate (0.1%) and tetramethylethylenediamine (0.1%) as a pair of redox initiators. 38 The estimated stiffness values of the phantoms using a rheometer were 3.0 kilopascal [kPa] and 4.5 kPa, respectively. The size of each phantom was 12 cm in diameter and 11 cm in height (Fig. 1) . The aforementioned three MRE methods were also performed in 58 patients with chronic liver disease. The subjects included 37 men and 21 women who were 70 6 9 years of age (mean 6 standard deviation) (range, 51-91 years) with a mean body mass index (BMI) of 22.9 6 3.2 kg/m 2 (range, 17-30 kg/m 2 ).
The types of chronic liver disease included 29 viral hepatitis type C (HCV)-positive patients, 10 viral hepatitis type B (HBV)-positive patients, 6 with alcoholic liver disease, 2 with primary biliary cirrhosis, and 11 patients with other liver diseases.
Validation Study for Liver Fibrosis Staging
To validate the EPI-MRE 3D stiffness measurements for liver fibrosis staging, we conducted a comparison of the measurement results from GRE-MRE 2D and EPI-MRE 3D in patients with a known histopathological fibrosis stage. From December 2012 to August 2013, 232 consecutive patients with chronic liver disease underwent abdominal MRI including liver MRE using both the EPI and GRE sequences. Of these patients, 159 were excluded because of unavailable histologic slides of liver tissue within 6 months of the MRE examination (n 5 151), MRE failure due to severe hepatic iron deposition resulting in substantially low signal intensity in the liver (n 5 6) or massive ascites (n 5 2). We finally included 73 patients in the validation study, in whom histological liver fibrosis staging had been performed with a specimen from liver resection (n 5 57) or liver biopsy (n 5 16 
MR Elastography
All MRE acquisitions were performed on a 3T clinical MRI scanner (Discovery MR750; GE Healthcare, Milwaukee, WI) using a 32-channel phased-array torso coil. The active acoustic generator was placed outside the MRI examination room and generated 60-Hz pneumatic vibrations that were delivered to a passive driver located inside the scan room by means of a plastic tube. 10 The generator, passive driver, and sequences were developed at the Mayo Clinic (Rochester, MN). For the phantom studies, the passive driver was placed on top of the phantom and the imaging parameters for SE-EPI-MRE were as follows: repetition time/echo time (TR/TE) 5 500/50 ms, slice thickness 5 5 mm, number of slices , matrix 5 256 3 80, 1 acquisition for both phantoms and patients, 1 NEX, parallel imaging factor 5 2, and one motion-encoding gradient direction (craniocaudal) with four phase offsets. The middle slice of 7 slices of SE-EPI-MRE was set to be oriented to the same level as the one slice of GRE-MRE.
The data from GRE-MRE were postprocessed by using a 2D direct inversion algorithm. In SE-EPI-MRE, the data were postprocessed by both 2D 40 and 3D direct inversion algorithms. 41 The placement of regions of interest (ROIs) was performed by an abdominal radiologist with careful attention to avoid heterogeneous wave propagation and to place the ROIs at the same level in both phantoms. For ROI placement, the middle slice of 2D and 3D postprocessed images of SE-EPI-MRE located at the same level as the 1 slice of GRE-MRE were selected. Image acquisitions were performed three times and the phantom stiffness values were calculated as the average of the mean values from the ROIs for the three experiments.
For the clinical liver MRE data, the same imaging parameters were used. The passive driver was placed across the subject's right anterior chest wall to deliver transcostal vibrations. Two abdominal radiologists, with 7 and 10 years of experience in abdominal MR imaging, evaluated the stiffness maps independently. ROIs were drawn in the right lobe of the liver of the stiffness maps. During SE-EPI-MRE ROI placement, one middle slice of the seven slices located at the same level as the GRE-MRE was selected. As a rule, the ROIs were 1.0-1.5 cm 2 in area and placed near the anterior edge of the liver where the penetrating wave was well visualized and no interference was observed in the phase image.
Statistical Analysis
In the phantom and preliminary clinical studies, the differences in measured stiffness values of the phantoms and the livers of 58 patients were compared between any two of the three methods (EPI-MRE 2D , EPI-MRE 3D , and GRE-MRE 2D ) with Bland-Altman plots. The stiffness values of the livers were compared among the three methods by using the Freedman test and a post hoc Wilcoxon signed-rank test for each observer. The interobserver agreement of the measurements was evaluated by using an intraclass correlation coefficient (ICC) analysis of the three methods In the validation study, a comparison of the diagnostic performance of the two methods was performed by using a receiver operating characteristic (ROC) curve analysis. We compared areas under the ROC curves (AUCs), as well as accuracies derived from optimal cutoff values that maximized the Youden index 43 for discriminating F3-4 (significant fibrosis) from F0-2 and for discriminating F4 (cirrhosis) from F0-3. The equivalence in accuracy for diagnosing F3-4 and F4 at the optimal cutoff value between the two methods was tested with a modified McNemar's test. 44 The equality of the AUC values was tested by using two one-sided tests, in which open source software was used with modification. 45 These tests were conducted to show the equivalence of the two methods within a given range of 6 5% for accuracy and 6 0.05 for the AUC.
Statistical analyses were performed using JMP software version 9 (SAS Institute Inc., Cary, NC, USA) or R version 3.1.1 (http://www.r-statistics.com). The statistical significance for all analyses was set at P < 0.05.
Results

Phantom and Preliminary Clinical Studies
The results of the experimental phantom study and preliminary clinical study are shown in Figures 1 and 2 (Bland-Altman plots). The measured stiffness values of the soft phantom were 2.4 kPa, 2.6 kPa, and 2.7 kPa for EPI-MRE 3D , EPI-MRE 2D , and GRE-MRE 2D , respectively. The mildly stiff phantom demonstrated values of 4.0 kPa, 4.2 kPa, and 4.2 kPa, respectively (Fig. 1) .
A significant difference was observed among the three methods for the measured stiffness values of the liver for both observers in the preliminary study (P < 0.001). In the post hoc analysis, there was no significant difference between GRE-MRE 2D and EPI-MRE 2D for either observer ( Fig. 2a ; P 5 0.12). However, liver stiffness values from EPI-MRE 3D were significantly lower than those of the other methods (P < 0.001) (Fig. 2b and 2c) . Figure 3 shows a case in which liver stiffness value measured on EPI-MRE 3D is lower than that of GRE-MRE 2D .
Interobserver agreements were strong for all three methods. For GRE-MRE 2D , the mean ICC 
Diagnostic Performance for Liver Fibrosis in the Validation Study
The AUCs for discriminating F3-4 (significant fibrosis) from F0-2 for EPI-MRE 3D were 0.924 (95% CI: 0.871-0.975) and 0.932 (95% CI: 0.852-0.970) for observer 1 and 2, respectively; and 0.920 (95% CI: 0.870-0.975) and 0.943 (95% CI: 0.869-0.976) for GRE-MRE 2D (Table 1) . For discriminating F4 (cirrhosis) from F0-3, the AUCs were 0.952 (95% CI: 0.890-0.980) and 0.935 (95% CI: 0.861-0.971) for observer 1 and 2 for EPI-MRE 3D , respectively; and 0.964 (95% CI: 0.894-0.987) and 0.950 (95% CI: 0.880-0.980) for GRE-MRE 2D . The AUCs of the 2 methods were statistically equivalent within the given range of 6 0.05 (P < 0.001) (Fig. 4) ( Table 1) .
The equivalence of the accuracies of the two techniques for discriminating the various fibrosis stage groups was shown statistically, in which a P-value less than 0.05 means "statistically equivalent." The discrimination ability of EPI-MRE 3D and GRE-MRE 2D between F0-2 and F3-4 was 89% (65/73) versus 86% (63/73) for observer 1 (P 5 0.004), respectively; and 86% (63/73) versus 88% (67/ 73) for observer 2 (P 5 0.001). Similarly, the discrimination ability of EPI-MRE 3D and GRE-MRE 2D between F0-3 and FIGURE 2: Bland-Altman plots of the measured stiffness values of the phantoms and the preliminary study cohort for observer 1. There was no significant difference between EPI-MRE 2D and GRE-MRE 2D (a, P 5 0.101). Meanwhile, liver stiffness values from EPI-MRE 3D were significantly lower than those of the other methods (b,c, P < 0.001).
F4 was also equivalent: 86% (63/73) versus 92% (67/73) for observer 1 (P < 0.001), respectively; and 88% (64/73) versus 89% (65/73) (P < 0.001) for observer 2.
Discussion
In the phantom study and the intra-individual comparisons in the clinical case portion of this study, we demonstrated that (1) stiffness values of EPI-MRE 3D were significantly lower than those of the other methods (EPI-MRE 2D and GRE-MRE 2D ) in phantoms and patients, whereas (2) there was no significant difference between the two methods with 2D processing. The former result is in agreement with a recent report by Shi et al, 46 in which 3D liver MRE with SE-EPI showed lower liver stiffness values and a similar diagnostic accuracy of liver fibrosis to 2D liver MRE with GRE. The latter result is also consistent with a recent study by Wagner et al, 32 in which liver stiffness values measured using 2D liver MRE with SE-EPI were not different from those with GRE. This suggests that the lower stiffness results were caused by the 3D processing procedure. 35 A theoretical explanation is that the 3D inversion algorithm is able to account for propagating waves that are not parallel to the image plane. The 2D algorithm assumes all waves propagate in the imaging plane, which can lead to overestimation of the wavelengths of waves intersecting the imaging plane obliquely, and consequently an overestimation of liver stiffness.
36,37
Although a statistically significant difference in the measured liver stiffness value between EPI-MRE 3D and GRE-MRE 2D was observed in this study, the difference between 2D and 3D postprocessing was typically small (approximately 5-10% in the soft phantom and liver with low stiffness value and approximately 10-20% in the stiff phantom and liver with high stiffness value). As expected, the differences are somewhat larger in very stiff livers, where diffraction effects are strong, but the effect on interpretation in this range is not important. Also, the difference is similar in size to the test-retest differences that have been reported for clinical MRE. 12, 17, 32, 46 We found equivalent diagnostic performances between EPI-MRE 3D and GRE-MRE 2D for the diagnoses of F3-4 (significant fibrosis) and F4 (cirrhosis) in 73 patients with chronic liver disease. This result is in agreement with a recent report. 46 Iron deposition in the liver is a major limitation of MRE, which decreases the signal intensity of the liver due to reduced T2* and susceptibility effects in both GRE and SE-EPI acquisitions. We excluded six cases in which MRE was not assessable (only the GRE-MRE was not assessable in three cases; only the SE-EPI-MRE in one case; both methods in two cases). GRE-MRE can be more vulnerable to the effects of iron deposition than SE-EPI-MRE and, in fact, recent studies showed a lower failure rate of liver MRE with SE-EPI than with GRE. 32, 46 In addition to potentially reduced susceptibility effects, the advantages of EPI-MRE 3D include increased signal and better illumination with fewer artifacts 10 and reduced acquisition time. 31 Considering the equivalent diagnostic ability and wider anatomical coverage, SE-EPI-MRE could be a better choice than GRE-MRE in many applications. There were several limitations in our study. First, the sample size of this study was relatively small, especially in patients with F0 (n 5 5) and F1 (n 5 10) disease, so further study with a larger patient cohort will be needed to validate these results and to compare the capability of these MRE techniques for differentiating lower grades of fibrosis. Second, only a small number of patients with fatty liver disease (5/76 in the validation study) was included in this study. Nonalcoholic fatty liver disease or steatohepatitis is a major cause of chronic liver disease worldwide 47 and recent studies have shown the utility of 3D MRE in nonalcoholic fatty liver disease or steatohepatitis patients. 47, 48 The ROI size used in this study may be small for a stable stiffness value measurement because a substantial heterogeneity of liver parenchyma is often seen on elastograms. However, the area for ROI placement, selected at the anterior edge of the liver where the penetrating wave was well visualized, was limited, and larger ROI placement would be difficult. Measurement reproducibility and repeatability were not studied; however, recent studies demonstrated excellent reproducibility of 2D liver MRE with SE-EPI 32 and 3D liver MRE with SE-EPI 46 as well as conventional 2D liver MRE with GRE. The use of biopsy as the reference standard in this study for some patients (n 5 16) may also have been a limitation of this study because sampling errors are known to occur with biopsies. 3, 4 In conclusion, EPI-MRE 3D showed modestly lower liver stiffness values compared with conventional GRE-MRE 2D . The diagnostic performance of EPI-MRE 3D for liver fibrosis staging was equivalent to that of GRE-MRE 2D .
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